2-Level-System-Related Zero-Bias Anomaly in Point-Contact Spectra by Keijsers, R.J.P. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/29707
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
PHYSICAL REVIEW 8 VOLUME 51, NUMBER 9 1 MARCH 1995-I
Two-level-system-related zero-bias anomaly in point-contact spectra
R. J. P. Keijsers
Research Institute for Materials, University ofNjimegen, Toernooiveld I, 6525 ED Njimegen, The Netherlands
O. I. Shklyarevskii
Research Institute for Materials, University ofNjimegen, Toernooiveld I, 6525 ED Mjmegen, The Netherlands
and B Ver.kin Institute for Lotv Temperature Physics and Engineering, Ukrainian Academy ofScience,
47 Lenin Avenue, 310164KharkoU, Ukraine
H. van Kempen
Research Institute for Materials, University ofNjimegen, Toernooiveld 1, 6525 ED Nij megen, The Netherlands
(Received 11 July 1994)
In point-contact spectroscopic measurements on mechanically controllable break (MCB) junctions of
several metals, two distinct anomalies are observed near zero bias. The first anomaly is well described by
the elastic scattering of electrons from two-level systems with different scattering cross sections for both
levels, but may also be explained by another model which involves the interaction between a two-level
system and an electronic screening cloud. The experiments suggest that these two-level systems are re-
lated to dislocations, due to stretching of the sample at the surface near the contact. The second type of
anomaly has an S shape and was observed at higher voltages. This anomaly is found to be remarkably
independent of the sample material. The origin of this anomaly is not yet clear.
I. INTRODUCTION
When the size of a contact between two pieces of con-
ducting material is so small that the contact diameter is
smaller than the electron mean free path (Sharvin contact
or point contact, PC), interactions between electrons and
excitations near such a contact have a considerable
influence on the PC conductivity. This makes the PC an
excellent tool for studying these interactions, of which
the direct measurement of the electron-phonon interac-
tion (EPI) is the most highly elaborated and best-known
example. '
Due to the small size of the volume probed (typically
10 nm or less), a PC is also a good tool for studying sin-
gle imperfections which can otherwise be studied only in-
directly, e.g. , in transport measurements. These imper-
fections often give rise to anomalies in the PC spectrum
(d V/dI as a function of the bias voltage V) at low bias
voltages. An example of such behavior is the Kondo
minimum which has been observed at PC's of diluted
magnetic alloys like AuMn and CuFe. '
Another type of imperfection which is of great interest
are those that switch between two metastable states, thus
giving rise to the well-known two-level systems (TLS's).
The concept of TLS's was originally put forward to de-
scribe many of the physical properties of glassy materials
(for a review we refer to Black ), but has recently found a
much wider application. Using metallic nanoconstric-
tions, Rails and Buhrman showed that these TLS's are
the dominant source of 1/f noise in metal films. Such
constrictions were also used to study resistance Quctua-
tions due a single TLS. ' These experiments yielded
some quite difFerent parameters for the TLS's studied,
pointing to TLS s originating from difFerent types of de-
fects. Other studies were concerned with the electromi-
gration of defects through a point contact and the irn-
pact of a single defect on the PC conductance. ' Ralph
and Buhrman" observed a minimum in the difFerential
conductance of a disordered copper point contact, which
they attributed to a nonmagnetic Kondo-like resonance
due to a strong coupling between TLS's and conduction
electrons, as described by Vladar and Zawadowski. ' Re-
cently, Akimenko and Gudimenko' reported on an
anomalous feature in the PC spectrum of a Cu point con-
tact, which they attributed to the elastic scattering of
electrons from a point-defect fluctuating between two
states, as has been described theoretically by Kozub and
Kulik. '4 "
Because elastic-scattering processes in the quasiballis-
tic and diffusive transport regimes do not depend on elec-
tron energy and therefore do not lead to nonlinear contri-
butions to the point-contact conductivity, but only
reduce the point-contact spectra intensities, it might be
expected that this sort of interaction cannot be observed
by PC spectroscopy. In this case, however, the fact that
the scattering cross sections of the two states of the de-
fect will in general not be equal, and the fact that the
population of the states is bias voltage dependent, lead to
the possibility of observing the elastic scattering of elec-
trons from such a two-level system in PC spectra.
Kozub and Kulik' have calculated the contribution to
the point-contact spectrum due to this elastic scattering
of electrons on TLS's, and have expressed it in the form
1(o+ —o )tanh S(v, r, q ), (1)2~
where v and ~ are the voltage V and temperature T re-
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FIG. 1. Profile of the point-contact spectral line S(v, ~, q ) for
q =0.1. Curves 1, 2, 3, and 4 correspond to ~=0, 0.1, 0.5, and
1.0, respectively. [According to Kozub and Kulik (Ref. 15).]
For the experiments on the type-I anomaly described
in this paper we used 3000-A-thick Cu films which were
evaporated in moderate (10 Torr) vacuum on heated
(60 C) glass substrates with a high deposition rate. The
Cu films all had a residual resistivity ratio =5, so the
films that were used were of low crystalline quality. The
low intensity of the second harmonic V2 of the modula-
tion voltage signal, as well as the absence of the LA peak
in the EPI spectra, implied that the elastic mean free
path in the region of the contact was much smaller than
the contact diameter d. The type-I anomaly was also ob-
served using bulk MCB junctions of Au, Cu, Ag, and Pt,
produced by breaking 50-pm wires as described in Refs.
16 and 18. The type-II anomaly was observed at Au, Cu,
Ag, and Al thin-film and bulk MCB junctions.
The spectra for all PC's were obtained using a standard
lock-in technique with a modulation frequency of 5 kHz.
The samples were immersed in a liquid-He bath which
could be varied in temperature between 4.2 and 1.3 K. A
magnetic field up to 7 T could be applied.
duced to the excitation energy E of the jth TLS as
eV/EJ. and kz T/E~, respectively. (Typically, E~ ( 1 meV
for a TLS). R is the point-contact resistance and o .
stands for the scattering cross sections of the upper and
lower levels. The function S as a function of v is given in
Fig. 1 for different values of ~ and for a particular value
of the parameter q. This parameter represents the elec-
tric potential at the location of the TLS normalized to the
total potential e V over the contact, where the potential is
set to zero at the contact center. The parameter q is
equal to 0.5 for a TLS located at the contact center, and
drops for TLS's far away from the contact. The line
profile is very unusual for traditional spectroscopy. For
T ((E it consists of a sharp peak at e V=E. and a wing,
located at energies exceeding E . It has been pointed
out' that this particular line profile can be used to
separate this TLS contribution to the PC spectrum from
those of inelastic scattering by paramagnetic impurities
or by impurities with internal structure.
In the present paper we pay attention to two types of
anomalies observed at low bias voltages in a PC spec-
trum. The first one (called type I) can be attributed to in-
teractions between conduction electrons and two-level
systems located near the point contact. The other one
(type II) is due to an as yet unknown type of imperfec-
tion.
II. EXPERIMENTAL
III. RESULTS AND DISCUSSION
A. The type-I anomaly
The first type of zero-bias anomaly we observed can be
described as a strongly asymmetric peak located at biases
of 1-4 mV (Fig. 2). These peaks were observed with both
negative and positive signs, and did not change when
magnetic fields up to 7 T were applied. Recently, this
type of spectral feature was reported on by Akimenko
and Gudimenko, ' who found it to be described very well
by the above-mentioned theory of Kozub and Kulik. ' '
The set of point-contact spectra displayed in Fig. 2(a)
was measured using a disordered 3000-A Cu thin-film
0
e
w0
0
Recently, Muller, Ruitenbeek, and de Jongh' have
developed a technique for making highly stable, clean
point contacts by breaking and reconnecting small fila-
ments. We have adapted this mechanically controllable
break (MCB) junction technique for use with thin films. '
A metallic film (Au, Cu, Al, Ag, Pb) is vapor-deposited
on top of a thin, brittle substrate (e.g., glass, Si wafer).
This substrate is then glued on top of a bending beam.
The thin-film MCB junction is formed by first breaking
film and substrate, and then establishing a contact by
bringing the electrodes back together.
0 10 20 300 10 20 30
V[mv]
FIG. 2. (a) Point-contact spectra of copper thin-film MCB
junctions with resistances 1—1.2 Q, 2—22 A, 3—64 Q, and "-. -".000 (T=1.3 K). The curves have been shifted for clarity. (b)
Point-contact spectrum for a Cu single crystal MCB junction
(R =30 Q, T=2 K). The peaks at 17—18 mV and 30 mV are
due to the electron-phonon interaction; the feature at bias volt-
ages between 0 and 5 mV [positive for (a), negative for (b)] is at-
tributed to interactions between electrons and a TLS.
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(2)
per one two-level system in the diffusive transport regime
(l &&d), if we suppose that ~o+ —cr ~=10 ' —10 ' cm
(difference between an occupied and an unoccupied lat-
tice site) and assume a TLS density of 10 —10 per
atom, which is typical for disordered systems.
The peaks near zero bias in Fig. 2(a) are displayed in
Fig. 3 on an enlarged scale, together with a theoretical fit.
This fit is based on the (reasonable) assumption' that
only one TLS is present near the contact area. Calcula-
tions show that the position v „at which the theoretical
curve has its maximum depends strongly on the reduced
temperature r (see Fig. 1), but varies only slightly as a
function of q (for r~0.05). The effective experimental
temperature T,ff is composed of the bath temperature T
and a contribution due to smearing by the modulation
voltage V„T,ff=[T +(0.224eV&/k') ]' . When the
modulation contribution to T,ff is kept small, the quo-
tient v,„/r will be equal to e V,„/kz T,ff, with V,„ the
voltage at which the peak maximum occurs in the PC
spectrum. Thus, it is possible to get a good estimation of
CQ
a
CQ
0
I
Cl
a
MCB junction. The most prominent feature of the PC
spectra in this figure is the strong "positive" zero-bias
anomaly with an intensity comparable to the TA peak for
low-ohmic contacts and greatly exceeding the EPI spec-
trum for high-ohmic junctions.
The relative change in differential resistance b,R /R as-
sociated with the observed singularities, is usually of the
order 0.1—1 % for contacts with resistances from 1 to 100
0, but was observed to increase up to 10%%uo for more
high-ohmic junctions. This is in good agreement with the
estimations
the r value and, using E~ =.k~T,&/r, of E directly from
the experiment. The value of q can then be adapted to
optimize the theoretical fit to the data.
The values of ~, E, and q for the fits from Fig. 3 are
presented in Table I. The value of q is found to decrease
with increasing contact resistance. The value of q de-
pends on the distance of the TLS to the contact center
normalized to the contact radius. %'hen the contact
resistance increases, the contact radius decreases and
thus the normalized distance to the contact center in-
creases, leading to a drop in the value of q.
Figure 3 shows that in our experiments the theory fits
the experimental data well only for the larger contacts(T=1.2 0, 22 0). For the smaller contact, the theoreti-
cal fits are found to be much less broadened than the ex-
perimental curves, and there is only a very small onset
visible of the theoretically predicted nonlinear behavior
close to zero bias. The values of q, ~, and E can be
adapted in such a way that the theoretical curves also fit
the data well for these contacts. However, this would re-
quire values of ~ and E which correspond to an effective
temperature of 9 K at the TLS site for the 400-0 contact.
This is an unlikely high value, because the junction was
in direct contact with a helium bath at T =1.3 K during
the experiments, and because there is no known heating
mechanism at low voltages that can explain such a large
increase of the temperature. It has been found that the
temperature of a defect may become higher than the lat-
tice temperature in a PC when voltage is applied, but
this increase is very small for voltages below 5 mV. Ak-
imenko and Gudimenko' found good agreement between
experiment and theory for all contacts they measured on.
However, they only measured large contacts with contact
resistances smaller than 4 Q.
Table I shows that the value of the level spacing E. in-
creases with increasing contact resistance and reaches a
value of 3.36 meV for the 400-Q contact, which is a rath-
er high value of E for a TLS. Since the measurements
were taken on the same contact with a different contact
size, it is assumed that the same TLS was studied in all
experiments. Therefore one would expect the value of E
to be constant, which turns out not to be the case. Again,
it is possible to make good fits to the experimental data
keeping E constant. However, in that case very large ~
values are required, corresponding to T-40 K for the
400-Q contact. The shift in E. may be due to the fact
that the TLS's were regarded as point defects in the
theoretical description, ' ' but as soon as at least a few
0
0 5 10
V[mv]
Q
0
R I I
5 10 15
V[mv]
TABLE I. Values of the parameters ~, E~, and q for the fitted
curves of Fig. 3. T,ff is the bath temperature corrected for the
applied voltage modulation.
FIG. 3. The zero-bias anomalies from Fig. 2 presented on an
enlarged scale (symbols), together with a theoretical fit (lines)
described in the text. Starting at voltages between 5 and 10 mV,
there is a considerable contribution to the spectrum by the
electron-phonon interaction, causing a mismatch between the
experimental data and the theoretical curve.
R (0)
1.2
22
64
400
T,ff (K)
1.95
2.13
1.94
1.95
0.28
0.18
0.10
0.07
EJ. (meV)
0.60
1.02
1.67
3.36
0.080
0.075
0.070
0.050
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neighboring atoms are involved in the TLS formation its
"size" may be comparable to the contact diameter for
small PC's (R =400 Q corresponds to d =20—25 A). This
may cause some kind of smearing of the peak, thus lead-
ing to apparently higher values of E or w.
The temperature dependence of the peak was studied
for a 11.3-Q thin copper film PC. The results of these
measurements are shown in Fig. 4, together with a
theoretical fit. The theory predicts the observed behavior
of the peak height and the position of the peak maximum
as a function of temperature rather well, as can be seen
from the inset where the observed changes are compared
to theory. However, the theoretical fits display values
that are much too large in the "wing" at voltages above 2
mV. The fits can be improved strongly in this respect by
increasing the value of q to 0.10; however, this leads to
less agreement for the overall temperature behavior
displayed in the inset.
The predicted temperature smearing of the TLS peak is
partly due to the fact that the average occupation times
of both TLS states changes with temperature. In order to
study whether this would lead to a significant difference
from usual temperature smearing in our experiment, we
used the approach of Jansen to temperature average a
theoretical curve, calculated for T = 1.5 K (other param-
eters were chosen as for Fig. 4), to a temperature of 4.3
K, and compared it to the TLS peak calculated directly
for 4.3 K. We must note that the averaging procedure
was devised for inelastic-scattering processes like
electron-phonon interaction, and may therefore not be
entirely correct for the inelastic scattering of electrons
from a TLS. However, the order of magnitude of the
0 2 4 6 8 10
CQ
Q
CG
CQ
0 1 2 3 4 5 6
v[mv]
FIG. 4. Experimentally determined temperature dependence
of the type-I anomaly for a 11.3-Q Cu thin-film point contact
(symbols) and theoretical fits (E, =0.56 meV, q =0.06). The
effective temperatures are 1.84 K (V), 2.56 K (), and 3.90 K
(0) and are composed of the real temperatures (1.43, 2.20, and
3.67 K) corrected for smearing by the modulation signal. In the
inset the experimentally observed behavior of the peak height
(filled squares) and the position of the maximum (open squares)
as a function of temperature are compared with their theoretical
expressions.
temperature smearing should be the same (-k~T). It
turned out that the two curves were quite close together,
the averaged curve having a slightly (-3%%uo) higher max-
imum. Therefore, it is probably not possible to distin-
guish between usual temperature smearing and the pre-
dicted temperature dependence of the TLS peak, unless
measurements at very low temperatures ( « 1 K) are per-
formed.
Next, we will discuss some indications on the origin of
the TLS's studied. Because there is no need for the
scattering by the upper level to be stronger than that by
the lower level, situations with o &+ & o. . as well as
o.+ (o. can occur. At a copper single-crystal MCB
junction we observed a "negative" zero-bias anomaly,
which is just the mirror reAection of the above described
peak with approximately the same shape and peak posi-
tion [Fig. 2(b)]. It must be noted, however, that, judging
from the well-resolved EPI spectrum with high absolute
intensity, which indicates a large elastic relaxation
length, the TLS's in this contact cannot be related to
some inherent disordered crystal structure, but are more
likely connected with linear defects like dislocations,
which may arise in the breaking process. However, we
have strong indications that the TLS's causing the peaks
that were observed at the Cu thin-film MCB junctions
were also created while breaking the samples, rather than
being a result of the low crystalline quality of the film.
We have studied a considerable number of Cu thin-film
samples which were all prepared by evaporating Cu un-
der the same conditions on glass slides. These slides were
cut into small rectangular pieces which were then glued
on top of phosphorbronze bending beams. At about half
of all samples a scratch, intended as a break starter, was
made on the down side of the slide with a diamond pen
before gluing. The breaking of the two types of samples
was closely studied by breaking some of them in air under
visual observation. It turned out that the scratched sam-
ples broke quickly at the scratch, and that the copper film
broke at the same time. However, the other samples had
to be bent much further (stretching the film in the pro-
cess) and it happened several times that the glass slide
broke without the film breaking; the film only broke after
a further increase of the bending arigle. At such samples
a TLS peak was observed in all cases, while the scratched
samples never displayed a strong peak at low energies.
The same correlation between sample preparing and the
probability of finding this low-energy peak was also found
for samples which were broken in a He atmosphere at
several temperatures (300, 77, 4.2 K). Therefore, the ap-
pearance of a TLS peak in our spectra seems to be related
to the amount of bending and stretching of the film
(which is known to cause dislocations) in the breaking
process. Similarly, Akimenko and Gudimenko' found
that the probability of observing a low-energy peak in
their experiments was larger when they used crystalline
samples they had strained by a slight bending.
It is possible to remove the low-energy peak from the
spectra by annealing the samples for a few days at room
temperature. On the other hand, the low-energy peak
has been observed using samples that had been kept for
several days at room temperature before breaking them.
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This also indicates that the TLS's studied are related to
some nonequilibrium defect created in the breaking pro-
cess rather than being related to some defect inherent to
the low crystalline quality of the as-evaporated Cu films.
Until now, only "positive" peaks were observed for the
Cu film junctions, while for single-crystal junctions of Cu,
Ag, and Pt we only observed "negative" peaks. Whether
this relation between the amount of structural order of
the MCB junction and the sign of the observed TLS peak
is real or just coincidental, is not yet clear.
The question may arise if it is possible to state some-
thing about the location of the studied TLS's. Because
the film will be deformed most strongly at the point
where it breaks, the surfaces that are brought into con-
tact to form the MCB junction are expected to contain a
lot of defects. Therefore, the TLS's studied are likely to
be located somewhere in or close to the contact plane.
Furthermore, one may assume that a defect switching be-
tween two states is more likely to appear near the edge of
the contact plane, because defects at such a location may
be less bound to surrounding atoms than a defect in the
contact center. The TLS being located near the edge of
the contact plane may explain the strong influence it has
on the PC spectrum of the Cu film MCB junction [Fig.
2(a)], since the current density through a point contact in
the diffusive limit is much larger near the edges than in
the contact center. Furthermore, it may give an ex-
planation for the fact that in all our experiments, the
fitted value of q was found to be between 0.05 and 0.10.
As was mentioned above, the parameter q depends on the
electrical potential at the TLS site, and thus gives an indi-
cation of the location of the TLS with respect to the con-
tact center. For a TLS on the axis through the contact
center, perpendicular to the contact area, q =0.05—0.10
corresponds to a distance to the contact center of 2—3
times the contact radius. Yet, the probed volume in usu-
al point-contact spectroscopy is assumed to be a sphere
with the same radius as the contact area. This would re-
quire the studied TLS to be at a distance to the contact
center which should not be much larger than the contact
radius. Calculations show that for a TLS located close to
the contact plane, near the edge of the contact, small
values of q may well be possible. The TLS originating
from some defect near or at one of the surfaces brought
into contact might also explain the fact that the level
spacing E increases with the contact resistance, consid-
ering that the defect may be going from some location in
the bulk to a surface location as the contact size de-
creases.
In the above it has been shown that the behavior of the
asymmetric peak observed in PC spectra is described
quite well by the Kozub and Kulik model of elastic elec-
tron scattering from TLS's with different scattering cross
sections for the two states. However, an asymmetric
peak with approximately the same shape is predicted by
the already mentioned nonmagnetic Kondo interaction
model, which was developed by Vladar and
Zawadowski' to describe the low-temperature behavior
of metallic glasses. In this theory the defect motion
which represents the TLS causes a change in the local-
ized potential acting on the electron gas, which is fol-
lowed by the buildup of an electronic screening. At low
temperatures the movement of this charge screening
cloud is highly correlated with the TLS motion, and
below a certain temperature a bound state is formed. The
theoretical model is formally the same as that describing
the antiferromagnetic Kondo problem, where below a
certain crossover temperature a bound state is formed in
which the impurity spin is completely screened by the
spin polarization of the conduction electrons.
A comparison of the two TLS models shows that they
both predict the same temperature dependence for both
the spectrum and the resistivity, namely proportional to
1n(T). Yet, there is a difference in the voltage dependence
of the "tail" of the spectral peak at voltages much higher
than the voltage at which the peak maximum is located.
Vladar and Zawadowski predict a logarithmic behavior
of the resistivity, so the spectral peak is expected to be
proportional to 1/V. Kozub and Kulik, on the other
hand, predict a behavior proportional to 1/(V+a),
where a is a constant. We have compared these predic-
tions with our experimental data. It turned out that both
descriptions were equally good for all cases. Ralph and
Buhrman" demonstrated a voltage dependence of the
resistivity of a Cu nanoconstriction proportional to 1n(V),
corresponding to the Vladar and Zawadowski theory.
However, fitting the Kozub and Kulik theory to data tak-
en from their publication shows an equally good agree-
ment. The fact that these two descriptions, which are
quite different, give equally good results might seem quite
remarkable. However, the voltage range over which
these predictions can be tested is very limited (less than
one decade) due to a background in the measurements
originating from the electron-phonon interaction. On
such a limited interval it is quite possible that different
descriptions give equally good fits.
From the measurements presented here it is not possi-
ble to tell which of the theoretical descriptions mentioned
is more accurate. The model of Vladar and Zawadowski,
which is formally the same as that describing the antifer-
romagnetic Kondo problem, only predicts minima in the
resistivity corresponding to a positive peak in the spec-
trum. However, negative peaks were observed also.
Since this theory has not been devised explicitly for point
contacts, it is not clear in what way the point-contact
geometry may inAuence the obtained results.
B. The type-II anomaly
Now let use turn to a second type of low bias anomaly
that we have observed for several materials (Cu, Ag, Au,
Al) at both crystalline wire and thin-film MCB junctions.
The anomaly has been observed at about 10%%uo of all sam-
ples and is represented by an elongated S-shaped singu-
larity in the second harmonic signal (minimum in the
difFerential resistance) in a wide energy range, starting
from 4—5 rneV and up to the Debye energy. On rare oc-
casions a few (mainly an even number) of such singulari-
ties can be observed in this range, often corresponding
pairwise to minima and maxima in Rd;z. Some typical
examples of these singularities are shown in Fig. 5. The
relative change of differential resistance is much smaller
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V[mV]
FIG. 5. S-shape anomalies observed in the point-contact
spectra of MCB junctions. I,'a) Cu wire, R =8 Q, T =1.3 K.
Au wire, R =64 0 T=1.
(b)
3 K. The arrows indicate the minima
and maxima of the anomalies.
than in the previous case (0.02—0.2% only) but th ho, es ape
o e I spectrum may be heavily distorted if the
singularity is located at an energy that is close to the
peaks in the phonon density of states [Fi . 5(b)]. Th'
sort of anomaly has never been observed with usual
pressure-type point contacts, and "annealing" of th e
CB junction at room temperature results in a complete
isappearance or an appreciable reduction of its ampli-
tude. Therefore, there is little doubt that nonequilibrium
e ects, created while breaking the sam 1p e, are responsi-
ble for the observed singularity.
The most striking feature of these anomalies is that
their position in the spectra depends very strongly on
contact resistance. Figure 6 demonstrates such a depen-
dence for an Al MCB junction Th ' ' fe position o the
anomaly versus the square root of the contact resistance
plotted in Fi . 7 for
by a straight line and is nearly the same for all metals in-
vestigated. This means that the energy at which the
singularities are observed is inversely proportional to the
contact diameter (in the quasiballistic regime) and does
not depend significantly on the specific material. This
may suggest some nonequilibrium state in the contact
geometry, for instance along the conta t d, d
strongly on the contact size but almost independent of
the contact material. On the other h d,er an, since it also
means that the anomaly appears at a constant level of
power dissipation in the contact region (P= V/R
ma y well be that we are observing some phase transition
'n , it
in the nonequilibrium defect system. However, it
remains quite peculiar that this anomaly exhibits the
same behavior for different materials. It must be noted
t at on rare occasions the anomaly is observed at bias
voltages which are low compared to the data of Fig. 7
[e.g. , the S-shape anomaly of Fig. 5(b)]. The position of
the anomaly is still found to be proportional to &R for
these cases.
Note also that the amplitude of the effect remains prac-
tically unchanged (all curves in Fig. 6 were taken at the
same modulation voltage V, =0.5 mV), while the relative
intensity of the EPI spectra drops for increasing PC resis-
tance. This indicates that the observed singularities are a
result of elastic (or resonant) rather than inelastic scatter-
ing. On a Cu thin-film MCB junction at T =4.2 K, we
observed an 8-shape anomaly which decreased strongly in
amp itude with increasing contact resistance, disa car-
ina at R &9 Q. W-en resistance was lowered again, the
ce, i ppear-
anomaly reappeared. However, the position of the anom-
aly was still proportional to &R and the anomaly was lo-
cated at almost the same energies. Apparently, the inten-
sity of the anomaly strongly depends on the location of
the defect with respect to the center of the contact, while
I ' I ' I ' I ' I
10
aors~
OO~
a &
0 2 4
I I
6 8
V[mV]
I
10 12 I
0 1
I I I i I
2 3 4 5
i/2
FIG. 6. Point-contact spectra of Al wire MCB junctions
isplaying an S-shape anomaly for contacts with difFerent resis-
tances. The modulating signal level of 0.5 mV is the same for all
PC's (T=1.3 K). The curves have been shifted verticall for
clarity.
ca y
FIG. 7. De enp dence of the S-shape anomaly position on the
MCB-junction contact resistance for different metals: Al wire,
g wire, V Au wire, o Cu wire, and ~ Cu thin film (T = I 3
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the position of the anomaly hardly does. We have no
clear indication that this type of anomaly is related to the
TLS's which cause the first type of anomaly, because they
were often observed for contacts with almost no zero-bias
anomaly in the PC spectra. Yet the amplitude of the
singularities was observed to increase appreciably for
contacts with deep "negative" type-I anomalies, and their
positions were shifted to lower energies compared to the
data from Fig. 7. Like the type-I anomaly, the S-shape
type was found not to change when magnetic fields up to
7 T were applied.
IV. CONCLUSION
As described above, the position of the type-II anomaly
was observed to be proportional to &R . When the posi-
tion of the maxima of the zero-bias anomaly of the first
type, observed for Cu thin films, is plotted against +R,
one finds a rather large scatter in the data. This may be
caused by the dependence of the energy of the maxima at
nonzero temperature on the exact position of the TLS's
near the contact, and by a probable dispersion in E for
different junctions. However, it is still possible to ap-
proximate it by a straight line. Extrapolating to very
large contact diameters, where the contact size is certain-
ly much larger than the TLS size, and the TLS is very
close to the contact center, a value of E =0.5—0.6 meV is
obtained. This value can be adopted as a bulk value for
the type of TLS we are observing.
Because the energies at which the TLS peak and the S-
shape anomaly are located are both proportional to &R,
and because the S-shape anomaly is more pronounced
when it appears together with the TLS peak, one can
speculate about the S-shape anomaly being the result of
switching from both the first and second level to a third
one at a somewhat higher energy than the lower two. In-
tuitively, one would then expect the separation between
the minimum and maximum in the S shape to be of the
same magnitude as the splitting of the lower two levels,
which is indeed the case. The appearance of S-shape
anomalies without a TLS peak being present can be ex-
plained by taking the scattering cross sections of the two
lower levels to be equal. However, it cannot explain why
no difference is observed for different materials. Analo-
gous to the presence of positive and negative type-I
anomalies, one would also expect to observe sometimes a
single anomaly with first a maximum and then a
minimum (N shape), but so far this has not been the case.
In summary, in point-contact spectra we observed an
asymmetric peak at low ( —1 mV) voltages which can be
explained from interactions between TLS's and conduc-
tion electrons. Two models are available that are capable
of describing the features of the peak in a reasonable way.
The observed zero-bias anomalies are possibly related to
defects caused by film stretching. Additionally, S-shape
anomalies of which the origin is still unknown were ob-
served in the second harmonic signal.
ACKNOWLEDGMENTS
We wish to thank I. K. Yanson, V. I. Kozub, and A. P.
van Gelder for stimulating discussions. Part of this work
was supported by the Stichting voor Fundameteel Onder-
zoek der Materie (FOM) which is financially supported
by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO). One of us (O.I.S.) wishes to acknowl-
edge the NWO for a visitor's grant.
iI. K. Yanson, Fiz. Nizk. Temp. 9, 676 (1983) [Sov. J. Low
Temp. Phys. 9, 343 (1983)].
I. K. Yanson and O. I. Shklyarevskii, Fiz. Nizk. Temp. 12, 899
(1986) [Sov. J. Low Temp. Phys. 12, 509 (1986)].
Yu. G. Naidyuk, O. I. Shklyarevskii, and I. K. Yanson, Fiz.
Nizk. Temp. 8, 725 (1982) [Sov. J. Low Temp. Phys. 8, 362
(1982)].
4A. G. M. Jansen, A. P. van Gelder, P. Wyder, and T. Stra, ssler,
J. Phys. F 11,L15 (1981).
5J. L. Black, in Glassy Metals I, edited by H. J. Guentherodt and
H. Beck (Springer-Verlag, Berlin, 1981),p. 167.
K. S. Rails and R. A. Buhrman, Phys. Rev. B 44, 5800 (1991).
7K. S. Rails and R. A. Buhrman, Phys. Rev. Lett. 60, 2434
(1988).
P. A. M. Holweg, J. Caro, A. H. Verbruggen, and S. Radelaar,
Phys. Rev. B 45, 9311 (1992).
K. S. Rails, D. C. Ralph, and R. A. Buhrman, Phys. Rev. B 40,
11 561 (1989).
K. S. Rails, D. C. Ralph, and R. A. Buhrman, Phys. Rev. B
47, 10 509 (1993).
~iD. C. Ralph and R. A. Buhrman, Phys. Rev. Lett. 69, 2118
(1992).
K. Vladar and A. Zawadowski, Phys. Rev. B 28, 1564 (1983);
28, 1582 (1983);28, 1596 (1983).
A. I. Akimenko and V. A. Gudimenko, Solid State Commun.
87, 925 (1993).
i4V. I. Kozub, Fiz. Tverd. Tela (Leningrad) 26, 1955 (1984)
[Sov. Phys. Solid State 26, 1186 (1984)].
~5V. I. Kozub and I. O. Kulik, Zh. Eksp. Teor. Fiz. 91, 2243
(1986) [Sov. Phys. JETP 64, 1332 (1986)].
C. J. Muller, J. M. van Ruitenbeek, and L. J. de Jongh, Physi-
ca C 191,485 (1992).
R. J. P. Keijsers, O. I. Shklyarevskii, J. G. H. Hermsen, and
H. van Kempen (unpublished).
H. van Kempen and O. I. Shklyarevskii, Fiz. Nizk. Temp. 19,
816 (1993) [Low Temp. Phys. 19, 583 (1993)].
A. P. van Gelder, A. G. M. Jansen, and P. Wyder, Phys. Rev.
B 22, 1515 (1980).
